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A study has been made on the plasma polymerization of styrene and v:inyl 
type monomers in a cold, low power, inductively-coupled RF plasma. All vinyl 
type monomers yielded an insoluble, crosslinked film which was slightly colored. 
A kinetic study is reported for styrene. The effects of power level, bleed rate 
of monomer, pressure and reactor geometry on the rate of polymer formation 
are reported. A mechanism is postulated for plasma polymerization. It 
was found that the initiation step was the rate controlling step and that the 
reaction followed a cationic polymerization scheme. Both crosslink.ing and 
discoloration of the polymers occur at the time of polymerization and are not 
a result of exposure of the reacted polymer to the plasma. The polymerization 
was shown to take place in the bulk phase as well as on the reaction wall 
surfaces. A design equation is reported which is consistent with experimental 
data obtained for polymer formation within the RF field of the reactor. 
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I. INTRODUCTION 
The phenomena of plasma polymerization has been lmown since about 1900. 
However until 1948 little attention was given to this method of obtaining a 
polymeric material. From 1948 until the present, work in the area of plasma 
polymerization was directed toward the formation of thin insulating films with 
little or no attention given to fundamental considerations. Gas phase plasma 
polymerization in a vacuum represents an interesting and novel reaction 
scheme. Mechanisms have been postulated without experimental evidence and 
as a result definitive correlations do not exist. 
The purpose of this work was to carry out a fundamental investigation of 
the gas phase vacuum plasma polymerization of vinyl type monomers. An 
inductively coupled tubular flow type reactor was designed and constructed. A 
kinetic study was made on vinyl monomers with specific emphasis on styrene 
polymerization. Characterization and analyses of the soluble and insoluble 
polymers have led to a complex mechanism for polymerization which is 
substantiated by experimental data. 
1 
II. REVIEW OF THE LITERATURE 
1 A plasma was first defined by Langmuir in the early 19301s as a state a 
gas achieves when it is e~cited to the point of ionization. The earliest work 
with plasmas was concerned with studying spectroscopic lines emitted from 
the plasmas and the resulting temperature profiles. No consideration was 
given to their chemical aspects or applications . 
2 
The first plasma polymerization studies were published by de Wilde and 
Thenard3 in 1874 when they simultaneously reported that acetylene reacted 
readily in a silent D. C. discharge. They reported that a hard brittle residue 
was formed which was insoluble in common solvents. They made no effort to 
study the parameters of the experiment or characterize the products. At this 
point in the history of chemistry, polymers were considered to be undesirable 
by-products and were of no interest. 
2 
Investigations involving polymer plasma chemistry reported to date fall 
into two classifications: treatment of conventional polymer films in a plasma 4 ' 5 
and actual polymerization of monomers using the plasma as an initiator 6 ' 7' 8 ' 9 
10 Hanson, et. al. , reported that when several polymers (polyethylenes) 
were treated in a mild oxygen plasma, the bulk properties of the polymers 
were unaltered as the penetration was restricted to the first few hundred 
angstroms of the films. In other cases surface ablation of the polymers was 
reported. With alkane polymers a highly oxidized surface was created which 
had vastly improved wettability characteristics. Hanson and Schonhorn 11 
reported that treatment of polymer films of polyethylene and teflon in an oxygen 
plasma increased their adhesion properties . Weininger 12 studied the effect of 
active nitrogen on polyethylene and polypropylene and found increased cross-
linking and increased un.saturation resulted from the treatment. Hollahan, 
Stafford, Balk and Payne13 reported that amino acid groups could be attached 
to polymer surfaces by treating the films with nitrogen and hydrogen plasmas. 
Shaw14 polymerized a silicone oil on the surface of small electronic 
devices and produced an impermeable, insulating, thin film. He used a 
medium power four megahertz capacitively-coupled plasma. The effect of the 
type of monomer and the bleed rate of the monomer on the final properties of 
the film were investigated. The chemical and physical polymer properties of 
these polymers were not studied. 
Bazzarree and Lin 15 treated fiberglass filaments with various vinyl type 
3 
monomers (vinyltriacetoxysilane, vinyltriethoxysilane and silane) in an attempt 
to increase their tensile strengths. These investigators studied the effect of 
three types of plasmas, (1) low frequency radio frequency, (2) high frequency 
radio frequency and (3) direct current discharge, on the overall product 
properties of these polymers. However, they made no attempt to study 
specific polymer properties, !._. !·, molecular weight, density, infrared 
spectra as a function of their reaction parameters . 
16 
Ozawa employed plasma polymerization techniques using styrene and 
tetrafluoroethylene to make thin film insulators for micro capacitors. He 
used an alternating current (low frequency) electrode discharge plasma in a 
long glass tube. He found a more uniform coating was formed when the 
substrates to be coated were placed away from the electrodes in the plasma 
glow. Ozawa used a five kilohertz, 600 volts power source and operated :in a 
vacuum of 10-5 torr. The only parameter :investigated was exposure time 
and this was related only to the physical properties of the capacitors. 
Goodman 17 reported the formation of uniform thin polymer films of 0. 1 
4 
to two microns thick in a high voltage alternating current discharge plasma 
between parallel plates. None ofthe reaction parameters (frequency, pressure, 
time, bleed rate and reactor geometry) were reported. Some of the monomers 
used were styrene, methyl methacrylate, tetrafluoroethylene~ benzene, toluene, 
monochlorotrifluoroethylene, difluoroethylene and chlorodifluoromethane. 
Denaro, Owens, and Crawshaw18 investigated the glow discharge polymer-
ization of styrene. This is the most comprehensive study that has been reported 
to date. The investigators used a 500 watt, two megahertz, alternating 
current discharge to produce and sustain the plasma. The power was 
capacitively coupled to two parallel plates spaced 2. 3 centimeters apart. The 
initial pressure of 10-5 torr was achieved with a fore pump-oil diffusion pump 
couple. Two variables, time and pressure, were investigated_, They found 
that the amount of polymer formed was a linear function of time at low powers. 
The pressure versus rate data show a linear dependence at low pressure with 
the curve flatten:ing out at higher pressures . The final operat:ing pressure was 
achieved by adjust:ing the leak rate of the monomer; although the specific leak 
rate was unknown. The power at which the plates were operating was obtained 
using an inductively coupled radio frequency (RF) meter. This procedure 
makes any absolute calibrations very difficult. The presence of trapped free 
5 
radicals in the polymer film was determined by the photometric titration of 
the film with 1, 1-diphenyl-2-picrylhydrazyl (DPPH). The decay of the ultra-
violet absorption peak (522mJ.L) of DPPH was taken as a measure of the quantity 
of free radicals present. They found the number of trapped free radicals to 
be directly proportional to the weight of polymer. The authors used the general 
expressions of Brunauer, Emmett, and Teller 19 (BET adsorption isotherms) 
in an attempt to correlate their data with a standard adsorption theory. 
However, this presupposes that the controlling factor in the mechanism is 
adsorption of the monomer on the surface and that there are no secondary 
processes occurring. Neither of these assumptions is necessarily correct. 
Several points should be noted about this work. A capacitively coupled system 
has a very low efficiency which explains why a high power (500 watt) generator 
was required to sustain a plasma. Also, with low efficiency systems it is 
difficult to obtain even an average value of power. A radio frequency meter 
is very difficult to calibrate at the high frequency reported in this paper and 
the values obtained may have a high uncertainity. The use of the BET equation 
assumes that all of the reactions occur on the surface, a fact which is not 
borne out in the work reported in this dissertation. 
20 Mearns published a review which includes the use of plasma polymeriza-
tion in the production of thin insulating films. He reported two capacitively 
coupled systems which were used in film deposition; however, only general 
observations were outlined. 
Williams and Hayes 21 reported the glow discharge polymerization of 
several common vinyl type monomers: methyl methacrylate, vinyl acetate, 
styrene, a -methyl styrene, ethyl acrylate, methyl acrylate, isoprene, 
isobutene, and ethylene. Their reactor consisted of a bell jar containing 
parallel plate electrodes 50 square centimeters in area and spaced two 
centimeters apart. All connections to the system were made through the 
bottom plate of the bell jar . The power source was a low frequency (ten 
kilohertz), 1, 000 watt audio oscillator. The workers give an electrical 
description of the electrodes as capacitors and the polymer film as a large 
series resistance. Their calculations of effective reactance clearly show 
the effect of electrode contamination on the polymerization rate. The effect 
of the polymer film was to increase the effective capacitance of the circuit 
and thus decrease the loading efficiency of the system. This effect could be 
eliminated by using an electrodeless discharge system. The authors correlated 
the rate of polymerization of a given monomer to its adsorption rate on the 
electrodes. The amount of monomer adsorbed on the electrodes was measured 
as a ratio of the vapor pressure after adsorption to the saturation vapor 
pressure at the operating temperature. If the adsorption rate was the 
governing factor in the polymerization rates, then there could be no gas 
phase reactions of any consequence occurring in the capacitively coupled 
system. This fact has not borne out in inductively coupled electrodeless 
systems. The authors failed to take into account that radical stability, 
reactivity of the growing chain~ termination reaction enhancement 11 and the 
dipole nature of a monomer could also influence their findings. The rate of 
polymerization was shown to be a linear function of power (current density); 
however, the limiting power was never reached. At this power level all of 
6 
the monomer would be consumed and no additional rate increase would have 
occurred with increased power. Their data show that for a given power 
7 
level an increase in pressure results in an increase in rate of film deposition 
up to a critical pressure, beyond which no further rate increase is observed. 
If the pressure was regulated by adjusting the monomer input rate (as is 
suspected since no other means is evident from the description of their 
experimental apparatus) this rate increase would then be a result of increasing 
the monomer concentration. The authors attribute any increase in the rate of 
polymerization to an increase in the absolute pressure of the system. This 
statement is subject to interpretation and their correlations with adsorption 
isotherms have not been proven. The same types of curves are obtained in 
systems where adsorption of the monomer on a surface is not the controlling 
factor. 
A review of general plasma chemistry is given in Appendix A. 
III. EXPERIMENTAL 
A. System Design 
The plasma polymerization system was designed for flexibility and 
control of those parameters which were directly related to polymerization 
rate and the properties of the polymers formed. Specifically, the (1) reactor 
system, (2) vacuum system, (3) RF system and matching networks, and 
(4) monomer inlet systems will be discussed in detail. A schematic drawing 
of the system is shown in Figure 1. 
8 
1. Reactor design. Two types of reactors were used in this study: a two 
section vertical reactor, Figure 2, and a four section horizontal reactor, 
Figure 3. Both reactors were constructed of 70 millimeter pyrex glass tubing. 
The vertical reactor was 97 centimeters in length, the top section being 62 
centimeters and the bottom section 35 centimeters. The two sections were 
coupled using a 76 millimeter 11 0 11 ring vacuum joint. The induction coil and 
coupling circuit were identical for both reactors. The horizontal reactor was 
constructed of four sections, labeled I-IV in Figure 3, joined with 105/75 
standard ball and socket joints. Sections II and III can be interchanged to 
obtain different reactor geometries. A variety of monomer inlet and vacuum 
outlet combinations can be used without changing the geometry of the reactor. 
The dimensions of the sections were as follows: 
I. 35 centimeters 
II. 18 centimeters 
III. 31 centimeters 
IV. 13 centimeters 
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Figure 2. Vertical Reactor Assembly. 
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Both reactors were equipped with a series of four inch sleeves which were 
secured inside the primary reactor to form a liner. The sleeves were used 
to obtain kinetic data since the polymer deposited on the sleeves could be 
quantitatively recovered. The polymer was removed from the sleeves by 
immersing and agitating in warm benzene. The soluble portion was extracted 
from the insoluble film and recovered by freeze drying from the benzene. The 
insoluble material was filtered from the benzene using Wh.atman 541 filter 
paper. The polymer was removed from the paper and dried in a vacuum oven 
at room temperature. 
2. Vacuum system. The vacuum system, diagrammed in Figure 1, was 
constructed entirely of copper and brass with all solder joints. The Welch 
two stage duo-seal fore pump served as both the backing pump for the four 
inch oil diffusion pump and as the pre-evacuation pump for the reactor. The 
fore pump was switched between the two modes of operation with one inch, 
brass Granville Phillips type vacuum valves. 
The vacuum was monitored using two thermocouple gauges and one 
discharge gauge located as illustrated in Figure 1 . The thermocouple gauges 
were National Research Corporation Type 701 and were accurate to a vacuum 
of about 25 microns. The discharge gauge was a Phillips Gauge Type PHG-1 
-4 
and was accurate to a vacuum of 10 microns. The thermocouple gauge TG-1 
was used to monitor the operating vacuum of the reactor. Gauge TG-2 
measured the foreline pressure of the diffusion pump and DG-1 was used to 
obtain the maximum vacuum achieved prior to bleeding the monomer into the 
system. 
3. RF system. The radio frequency (RF) generator was designed to 
supply a variable frequency (4-30 megahertz), variable power (5-1, 000 watts) 
energy source for the electrodeless discharge plasma. The RF generator 
consisted of a low power exciter capable of an output of 50 watts (Figure 4). 
13 
The low power exciter (Figure 4) was a Hartley oscillator coupled to a 
6DQ5 operating as a class B amplifier. The output was increased by increasing 
the capacitance of C9 and resonating the output LC (inductive-capacitance) 
circuit with C 11 . 
Both the exciter and the linear amplifier had a nominal 50 ohm output. 
The impedance of the inductor-capacitor network on the plasma reactor had a 
nominal impedance of 250 ohms; hence, some type of matching network was 
required. A Johnson Matchbox coupler, Figure 5, was used to optimize the 
match between the RF generator and the load. The standing wave ratio (SWR) 
is a measure of the ratio of maximum current to minimum current along a 
transmission line. It is a measure of the mismatch between the load and the 
line, and is equal to one when the load, line and source are perfectly matched. 
Hence with a SWR bridge, Figure 6, the matchbox was adjusted for minimum 
SWR. A SWR of 1 . 1 was achieved which corresponds to an efficiency of better 
than 95% . This correction has been applied to all of the power data reported 
in this work. 
There are two components necessary to couple a RF power source to a 
plasma reactor: a capacitive component and an inductive component. Either 
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Figure 6. Schematic Diagram of SWR Bridge. 
17 
with the other component serving to tune the circuit. When two parallel 
plates are used to transfer the power, these plates constitute an extremely 
large capacitor and hence this system is known as a capacitively coupled or 
electrode discharge plasma. The other arrangement uses a coil usually 
consisting of several turns of 1/4 inch copper tubing wound around the reactor. 
A capacitor is then hooked in series with the hot end of the coil to complete the 
LC circuit. An optimum value of these components at four megahertz, to 
obtain the maximum efficiency, would be . 04 henries for the coil and . 05 J.Lf 
for the capacitor. If either value vastly exceeds these numbers, the efficiency 
of power transfer will be reduced. If a system is capacitively coupled, the 
plates are usually spaced two centimeters or more apart which gives an 
extremely high value for the capacitance and no inductor value can be found to 
tune the circuit properly. This is the reason inductively coupled circuits are 
much more efficient than their capacitively coupled counterparts. 
For a more detailed discussion of general electronics used in this work 
refer to The Radio Amateur's Handbook 22 . 
4. Monomer inlet system. Two states of monomer were used in this 
study: those which were gases and those which were liquids at room tempera-
ture. The normally gaseous monomers were bled into the system through a 
Granphillips leak valve. The liquid monomers were vaporized in an all 
pyrex glass system prior to being sent through the leak valve, Figure 7. 
The leak valve was wrapped with heating tape and the temperature was adjusted 
by means of a variac to prevent condensation of the monomer in the valve. 





Figure 7. Liquid Monomer Inlet System. 
18 
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was taken to prevent overheating and subsequent polymerization. Modifications 
for special experiments will be described under the specific experiment. 
B. Reactor Configuration Studies 
As shown in Figures 2 and 3, there were several combinations of vacuum 
outlet and monomer mlet positions possible with both the vertical and horizontal 
reactors. In studying the basic operatmg parameters of the reactor, the 
distribution of polymer along the reactor was of major importance. One of the 
parameters which was felt would affect the distribution was the position of the 
monomer inlet coupled with the vacuum outlet. This study was carried out for 
both the vertical and horizontal systems . 
In order to obtain reproducible data, previous experience showed that two 
experimental details were of particular importance: first the system had to be 
thoroughly cleaned after each run and all of the pyrex joints lubricated with 
Apiezon N grease. Secondly, the system had to be thoroughly purged with 
monomer prior to the initiation of the plasma. If the system was not clean, a 
satisfactory vacuum was nnattainable. The pyrex joints were cleaned with 
petroleum ether immediately after the reactor was disassembled. When the 
sleeves were removed from the reactor, care was exercised to remove any 
traces of vacuum grease with petroleum ether. The sleeves were then weighed 
to give the total weight of polymer plus sleeve. The polymer was removed 
from the sleeves with warm benzene. The sleeves were washed with hot 
detergent solution, rinsed first with methanol, then acetone, and allowed to 
air dry. Care was taken to insure that none of the above procedures dissolved 
20 
any of the polymer. They were then weighed and the amount of polymer taken 
as the difference of the initial and final weights. This technique gave results 
which were reproducible within 3% . The reactor was assembled using a 
minimum amount of Apiezon N grease. The vacuum outlet, monomer input 
geometry was chosen for each run as shown in Figures 8 and 9 and the 
geometries listed in Tables I and II. Vinyl chloride was the monomer used in 
all of the geometry and distribution experiments since it gave a desirable 
product and the monomer was easy to handle. 
The vacuum system was started with valves 1 and 2 (V1 and V2) closed 
and 3 open to the diffusion pump with the diffusion pump on. The reactor was 
pre-evacuated by closing V3 and opening V2 . When the system had pumped to 
a vacuum of 100 microns or less (not leaving the fore pump off of the diffusion 
pump for more than 10 minutes) V2 was closed, Vl and V3 opened. The system 
-2 
was allowed to pump until a vacuum of 10 microns was achieved. When this 
pressure was reached, Vl was closed and the reactor was bled to atmospheric 
-2 pressure with dry argon and evacuated as before. When a vacuum of 10 
microns was reached, the monomer was bled into the system through the leak 
valve until the system reached 25 microns (a vacuum of 25 microns gave an 
optimum plasma). V1 and V3 were closed, the diffusion pump was shut off 
and V2 opened. The experiments were run with the fore pump on and liquid 
nitrogen in the cold trap. The cold trap was kept filled all of the time the fore 
pump was on in order to condense unreacted monomer and to prevent 
contamination of the oil. The monomer was allowed to purge the system for 




Figure 8. Inlet-Outlet Positions ior Horizontal Reactors. 
TABLE I. 
INLET-OUTLET COMBINATIONS FOR 
HORIZONTAL REACTOR 
RUN NO. MONOMER VACUUM 
INLET OUTLET 
I .. 3 
II 3 I 
Ill 2 I 
IV 3 2 
V· I 2 




Figure 9. Inlet-Outlet Positions for Vertical Reactor. 
TABLE II 













The procedure for starting the RF generator was as follows: the plate 
current was turned on and the driver adjusted for a maximum driver grid 
current with C20 (see Figure 4). The drive current was adjusted to 0. 8 
milliamperes with R2. The plate current (M2) was adjusted with C11 for 
a minimum (dip) value. C9 was used to increase the load and retuned with 
Cll for a minimum-plate current. These steps were repeated until 
the desired power output was achieved. The matching network was then 
adjusted for the minimum SWR. 
C . Monomer Studies 
A series of monomers were investigated which represented several 
classes. The monomers and their structures are listed in Table III. 
The same experimental procedure was used as described in Section B. 
A power level of 20 watts and a vacuum of 25 microns were employed. 
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Gaseous samples were introduced directly through the leak valve. However 
liquid samples were vaporized in a liquid monomer inlet system as shown in 
Figure 7 and described in Section A 4. The bleed rate was the same for each 
monomer and a total reaction time of eight hours was used for each experiment. 
The products were evaluated qualitatively as to the amount of discoloration, 
solubility characteristics in several solvents and general appearance. Infrared 
spectra for each product are given in Appendix B. 
Styrene gave a polymer which was partially soluble and discolored the 
least of any of the monomers investigated. The infr-ared spectra of both the 
soluble and insoluble material did not indicate any anomalies. Because 
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TABLE IT! 
A LIST OF THE MONOMERS USED IN TIITS STUDY 
Name Structure Boiling Molecular 
Point°C Weight 
H 
Styrene ' 145 104 C=CH q,' 2 
cr3 




Acrylonitrile CH= CHC=N 2 78 53 
0 H 
II I 
Vinyl Acetate .. CH- C-0-C=CH 72 86 3 2 












Vinyl Chloride CH=C 
2 I - 14 62 
Cl 
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TABLE III (continued) 
Name Structure Boiling Molecular Point °C Weight 
Ethylene CH2= CH2 -103 28 
H H 
I I 
1, 3-Butadiene cH= c-c =cH 2 2 3 51 
1,1-Difluoroethene CH2 CF2 - 84 64 
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styrene monomer was easy to handle and yielded a product which had desirable 
properties, it was chosen for the kinetic study· 
D. Kinetics 
In a fundamental study of a new area such as gas phase polymerization, a 
kinetic study is of importance. Initial experiments indicated that there were 
several parameters which affected the rate data. The pertinent parameters 
and their regulation are given in the following discussion. 
The first of these parameters is the pressure of the reactor. There were 
four variables that could affect the operating vacuum of the system: (1) It was 
found that at a given power level the temperature remained constant over a 
' time period which was longer than tbat for any single run and that this did not 
affect the pressure, (2) the pumping rate was a constant and a function of the 
physical size and location of the pump used (this did not fluctuate during any 
run), (3) the virtual leak present in all vacuum systems was a constant for this 
system, and (4) the leak rate was continuously variable from zero to 100 cubic 
centimeters per minute. This was the parameter which actually was used to 
control the pressure. For all of the kinetic experiments, a constant leak rate 
(0. 061 grams per hour) was used. 
The input power to the RF coil from the RF generator was found to affect 
the rate of polymerization. The power could be accurately adjusted and at a 
given level the power was stable within± 1/4 watt. This was one of the 
parameters investigated in the kinetic study. 
The concentration of monomer in the gas phase also affects the rate of 
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polymerization. This parameter was regulated by the leak valve and could be 
controlled to 3% on an absolute basis. The leak rate was the same for all of 
the kinetic experiments . 
The cleaning and operating procedure was the same as described in 
Sections A, B. The leak valve was calibrated by an absolute method. The 
cold trap was fabricated in the form of a nurt tube from 10 millimeter glass 
tubing and placed in series with the output of the reactor. The system was 
purged with argon and the leak valve adjusted to the desired leak rate as 
previously described. The system was allowed to equilibrate for one hour. 
The cold trap was then placed in a dry ice-acetone bath and the monomer 
collected for a given period of time. The cold trap was removed from the 
0 
system and flame sealed while still in the -78 C bath. The trap was allowed to 
warm to room temperature, dried and weighed. The trap was again cooled in 
dry ice and carefully broken, being careful to save all of the pieces. It was then 
dried in a 9 0 ° C oven for three hours and the empty tube weighed. The contents 
were calculated as the difference in the two weights . A standard trap was run 
in the same manner to find the amount of material that was collected as a result 
of back diffusion from the pumping system. The amount of monomer in the 
trap was then calculated as the difference in the total weight trapped from the 
first experiment less the material in the standard run. From these data, the 
leak rate in grams per hour was calculated. 
The cold trap technique was also used in each kinetic experiment to 
determine the amount of unreacted monomer for each set of conditions. From 
these techniques it was possible to obtain a complete material balance, .!_. ~·, 
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monomer input, polymer formed and unused monomer output. 
E . Characterization 
The polymers that were produced by plasma polymerization consisted of 
two distinct phases, a soluble phase and an insoluble phase. These phases 
were separated as described in Section Al and each portion analyzed by 
appropriate techniques . The purpose of these characterizations was to obtain 
enough information about the structure of the polymer in physical and chemical 
terms in order that a mechanism of polymer formation could be presented. 
The characterization discussion will be divided into two major sections: one 
on analysis of the soluble polymer and the other on analysts of the insoluble 
polymer. 
1 . Analysis of the soluble polymer. The soluble polymer was present in 
very small quantities (usually less than 2%) and because of this limiting factor 
the types of characterizations were limited. 
a. DTA-TGA analysis. Thermal analyses were performed on soluble 
samples produced at 22 watts for 60 hours. There are two types of thermal 
analysis of general interest for polymers. The first, thermal gravimetric 
analysis (TGA), is a technique where the weight loss of a sample is recorded 
as a function of temperature. The temperature is increased by a linear 
temperature programmer. In the second technique, differential thermal, 
analysis (DTA), the sample and an inert reference substance (a material 
which undergoes no transitions in the temperature range of interest) are 
heated at the same rate in a furnace. The temperature difference between 
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sample and reference is measured and plotted as a function of sample 
temperature. The temperature difference is finite only when heat is being 
evolved or absorbed because of exothermic or endothermic activity in the 
sample, or when the heat capacity of the sample is changing abruptly. Both 
thermal gravimetric analysis and differential thermal analysis were obtained 
using a Mettler Thermal Analyzer. The sample was ground to a fine powder 
with a mortar and pestle prior to pressing into a tall micro platinum crucible. 
Approximately 16 milligrams of sample was found to give satisfactory results. 
Alumina was used as a reference material in the DTA experiments. A ratio 
of 16:26, sample to reference, was found to give the best balance of heat 
capacities . The thermal analyses were performed under both argon and air 
atmospheres. The system was evacuated first to 50 microns and then argon 
was admitted to atmospheric pressure. This was repeated once more and 
then 6 liters per hour of argon was purged through the system during the entire 
0 
run. A heating rate of 6 C per minute was used for all of the runs to a final 
0 
temperature of 700 C. 
b. Gel permeation chromatography. The molecular weights of the 
soluble polymers were obtained using a Waters Ana-prep gel permeation 
chromatograph (GPC). This technique has become a standard one in polymer 
analysis and a short description is included in Appendix C. The soluble 
polymers were dissolved from the freeze drying flask (as described in Section 
A 1) in 1. 5 milliliters of toluene. This sample was diluted to three milliliters 
and filtered through a Millipore syringe filter prior to injecting into the GPC. 
Two milliliters of the three milliliter sample were used for all the samples . 
Since the same size sample was used for all of the runs, the areas under the 
GPC recorder traces are related to the relative amounts of soluble styrene in 
each sample. 
The GPC was calibrated with six standard samples including styrene 
monomer. The results are given in Figure 10. 
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c. Infrared spectroscopy. Infrared spectra were obtained for the soluble 
material using a Beckman IR-12. The sample was dissolved in methylene 
chloride and a film cast from solution on a KBr plate. 
2. Analysis of the insoluble polymer. The insoluble portion of the plasma 
polymerized poly-(styrene) represented more than 98% of the total polymer 
formed and must be considered the major product. No molecular weight 
information could be obtained on the insoluble material; it is customary to 
consider insoluble polymers that are ordinarily soluble to have a infinite 
molecular weight if cross linking contributes to the insolubility. 
a. Infrared spectroscopy. Infrared spectra of the insoluble material was 
obtained with some difficulty. Both the KBr pellet and the nujol mull techniques 
were employed with both procedures giving spectra with less than desirable 
results. The KBr spectra were used as they were slightly better resolved. 
The pellets were made employing standard techniques. 
b. X -ray analysis. A sample from each power level was investigated with 
X -ray techniques to determine if the polymer contained short range order that 


























Figure 10. GPC Calibration Curve. 
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powder . A thin quartz filament was coated with petroleum jelly and the 
powder stuck to the filament. The sample was then mounted and aligned in 
a Strauma:ttis type camera and was exposed for eight hours with a Seimans 
Crystalofl.ex-4 X-ray unit. The film was wrapped with black paper to reduce 
the background caused by scattered radiation from the camera and sample. 
A copper X -ray tube was operated at 35 kilovolts and a current of 20 
milliamperes. 
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c. DTA-TGA analysis. Thermal analysis was performed on each sample 
from each power level in both air and argon atmospheres. The procedure was 
the same as that described under the analysis of the soluble polymer. 
d. Scanning electron microscopy. Samples from each power level as well 
as other selected samples were thoroughly investigated using the Jeolco JSM-2 
scanning electron microscope. The samples were scrapped from the reactor's 
sleeves and mounted with silver paste on a copper disk. The samples were 
non-conductors and thus had to have a thin gold film vapor deposited on their 
surfaces. Samples from the top and bottom of the reactor were compared as 
well as those from both ends of the reactor. A thin film of the 13 watt material 
was fractured in liquid nitrogen and the fractured edge examined. 
e. Mass spectroscopy. Both a standard linear poly-(styrene) sample and 
an insoluble plasma polymerized poly-(styrene) sample were analyzed with a 
mass spectrometer. The samples were thermally decomposed in the mass 
spectrometer and the thermally decomposed fragments were the species that 
were actually analyzed. A nuclide HT90 mass spectrometer was used to obtain 
the spectra. The background was subtracted from each working spectrum 
and the most intense peak was normalized to a relative intensity of 100. 
F. Active Species Detection aild Identification Experiments 
In postulating an overall mechanism, it was necessary to determine how 
the propagation of the polymerization steps of the reaction occurred. 
Many active species can exist in a plasma, such as radicals, cations, 
anions and charged radicals23 . Any or all of these species can initiate the 
polymerization of styrene. In an effort to elucidate the mechanism, two 
experiments were designed, one to detect ions and the other free radicals. 
The ion detection experiment employed a system which would electro-
statically deflect a free ion traveling in the velocity stream of the plasma. 
Two gold electrodes were vapor-deposited on a 20 x 6. 8 centimeters glass 
tube. The resulting electrodes were 10 x 20 centimeters. The electrical 
connections were made by fixing two short pieces of copper grotmding braid 
to the electrode surface with a silver conducting paste. The voltage leads 
were fed through two stopcocks using 12 gauge solid copper wire sealed in 
a 12/5 standard ball joint with a low vapor pressure epoxy. The voltage was 
supplied from a 0-1850 VDC power supply designed to provide a pure DC 
~ 
signal with less than 0. 5% ripple, Figure 11. The power supply was operated 
at 325 volts since any voltage higher than this initiated a plasma from the 
plates and this was considered tmdesirable since all of the active species 
should come from the RF plasma. The plasma was photographed using a time 
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Figure 11. Schematic Diagram of High Voltage Power Supply Used in Deflection Experiments. c,.,:) 
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electrodes were reversed and all of the experiments repeated. The plasma 
was initiated with styrene at a power of 20 watts as previously described and 
allowed to run for 12 hours with the deflection plates at a potential of 325 volts. 
The same experiments were performed with external copper electrodes and a 
potential of 1850 volts; however, no field was produced because of the dielectric 
effect of the glass. 
The second series of experiments was an attempt to identify the presence 
or absence of free radicals in the plasma. Certain organic and inorganic 
molecules are free radical scavengers or in other words react with free 
radicals very rapidly before they initiate a desired reaction. This process 
will retard or completely prevent the free radical reaction of interest. One 
of the best free radical scavengers was found to be nitrogen dioxide. This 
material is a gas and could be introduced into the reactor easily. 
The reactor was equipped with a second leak valve which was in' parallel 
with the monomer input and provided good mixing of the scavenger and monomer 
gases prior to their introduction into the plasma field, Figure 12. The two 
valves were adjusted to provide the desired ratio of monomer to scavenger 
gas and the reaction was run as previously described at a 20 watt p0wer level. 
Two experiments were performed, one with 1 O% and the other with 40% 
scavenger gas concentration. After the plasma polymerization had proceeded 
for 12 hours, the sleeves were cleaned and the product weighed as before. 
G. Standard Poly-(styrene) Experiments 



















the characteristics of poly-(styrene) polymerized by conventional techniques, 
such as solubility, colorlessness, etc., it was of interest to lmow if these 
properties developed after the polymer formed or if they developed during 
polymer formation. One series of experiments was designed which would 
investigate the effect of the plasma on a standard, conventially prepared 
poly-(styrene) sample. By exposing a thin film of standard poly-(styrene) 
to a plasma of the same power level, it should be possible to gain insight into 
the effect of the plasma on preformed films . 
The standard poly-(styrene) was a 20,000 molecular weight anionic 
material from Pressure Chemical Company, Pittsburgh, Pennsylvania. The 
molecular weight distribution Mw/Mn was 1. 02. The polymer was character-
ized, prior to treatment with the plasma, by infrared spectrometry, thermal 
analysis and GPC. 
The polymer was dissolved in methylene chloride to make a 2% (by weight) 
solution. The sleeves were cleaned and warmed to 40 ° C in an oven. The 
polymer solution was applied to the warm sleeves with a clean brush and the 
solvent allowed to evaporate. Successive applications yielded a transparent 
film of any desired thickness. The coated sleeves were dried in a vacuum 
0 
oven at 35 C for two hours. Then the sleeves were placed into the reactor with 
one very thin (one coat of solution) filmed sleeve alternated with a thick coated 
sleeve every two sleeves (which had six coats of solution). The thin coating was 
used to see if film thickness affected the results. The system was pumped down 
and the plasma started as previously described with argon being substituted for 
the monomer. The sleeves were exposed to the plasma for 12 hours. 
After treatment with the plasma, the sleeves were removed and the 
polymer removed in warm benzene and separated as previously described. 
The soluble polymer was recovered by freeze drying from benzene. Infrared 
and GPC analyses were performed on the soluble polymer. No insoluble 
material was produced. 
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IV. RESULTS AND DISCUSSION-PART 1 
A. Reaction Configuration Studies 
There are three interrelated parameters associated with the plasma 
reactor: power input, bleed rate, and pressure. The reactor system was 
operated at an absolute power input in the range 8-500 watts. Between 
0 
the power levels of 8 and 50 watts the temperature used was less than 1.5 C 
above ambient (25 ° C). In the power level range of 50-500 watts, noticeable 
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temperature rises were'()bserved which would introduce additional complexities 
into the kinetic studies . A power input range of 8-50 watts was therefore 
selected for this investigation. Bleed rates between 0. 03-0.15 grams per hour 
were investigated and a value of approximately 0. 06 grams per hour was 
found to give the most stable plasma over the power range of 8-50 watts. This 
bleed rate resulted in a pressure of 25 microns when the initial pressure was 
0. 08 microns . The above conditions were found to be consistent for all of 
the monomers utilized. 
As described under the Experimental Section m B, a series of tests was 
performed using vinyl chloride in order to determine the optimum reactor 
geometry for subsequent studies. This study was completed prior to the 
selection of styrene as the principle monomer to be used in the investigation. 
The reactor showed the same general operating characteristics with all of 
the monomers studied and for this reason this part of the investigation was 
not duplicated using styrene. 
Referring to Table I, Section m B, the results of the horizontal reactor 
configuration studies are presented in Figure 13. These results show several 
characteristics for this type of reactor. All of these results are for 10 hours 
operating time, 22 watts power input, 25 microns pressure, 25°C and using a 
constant bleed rate. The distribution of polymer along the reactor length and 
the mass of polymer formed are dependent upon the position of the monomer 
inlet and vacuum outlet. The configuration used for Run I (vacuum inlet at RF 
end and vacuum outlet at opposite end) was selected as the one to be used for 
the principle part of this investigation. Under these conditions the plasma 
can be sustained over the entire length of the reactor and the highest polymer 
yield having a uniform distribution is obtained. 
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Several attempts were made to explain the differences shown by the curves 
in Figure 13. All paths led to the realization that a knowledge of the flow 
patterns for the various configurations and a pressure gradient profile must 
be available before feasible explanations can be offered. It is important to 
note that polymer is formed throughout the reactor length (volume) regardless 
of the position of the monomer inlet and the vacuum outlet. 
The vertical reactor was constructed for a series of experiments which 
was designed to allow polymer formed in the bulk phase to fall and be collected 
outside of the plasma field. These experiments were not successful. 
Figure 14 shows the distribution and mass of polymer formed under the 
conditions presented in Table II, Section m B. The vertical reactor presented 
handling and experimental difficulties not encountered with the horizontal 
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Figure 14. Polymer Distribution from Vertical Reactor Experiments. 
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to the results presented in Figure 13. However, the shapes of the distribution 
curves are presented for comparison. The vertical reactor was not used to 
obtain any of the data presented in this discussion. 
B. Kinetics and Design Studies for Styrene 
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The styrene studies were carried out under the pseudo optimum conditions 
established in the previous section. A tabulation of the polymer generation data 
as a function of power level, time, and reactor position is presented in Appendix 
D. Figure 15 is a plot of these data for a constant bleed rate of approximately 
0. 06 grams of monomer per hour. This graph shows that the mass of polymer 
formed increases as the power level increases at any point in the reactor and 
the position of the maximum rate of formation (dP/dx = 0) shifts inward toward 
the RF field as the power level increases. The eight watt power level is 
minimum in order to sustain a plasma throughout the reactor length and the 
data from these runs exhibit some anomalous behavior. The maximum rate of 
polymer formation would be expected to shift into the RF field since the density 
of active species at any point increases as the power density increases and this 
in turn results in an increased rate of polymerization. 
When the data from Appendix D are plotted as a function of time, as 
shown in Figure 16, reasonable values of d.P/dt for the entire reactor length 
can be obtained with power level as a parameter. These values are also 
presented in Table IV along with the efficiency of monomer conversion. It 
can be seen that for the particular experimental conditions employed here 
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it traverses the length of the reactor. Figure 17 shows that, for the present 
experimental parameters, the monomer is completely consumed at a power 
level of 28 watts . This number established the optimum power level and the 
optimum conditions for this design could be established. A closer look at the 
data shows that the rate of polymer formation, six to eight inches beyond the 
RF field, becomes insignificant with the geometry used in this study. The 
bleed rate of monomer into the system can be obtained from Figure 17 as a 
check on the calibration; 0. 057 grams per hour from the graph versus 
approximately 0. 06 0 grams per hour from the calibration data. The physical 
TABLE IV 
RATE OF POLY-(STYRENE) FORMATION AND PER CENT MONOMER 
CONVERSION AT VARIOUS POWER LEVELS 
Power (watts) dP I dt (grams/hour) a % Monomer Conversion b 
8 .019 30-35 
13 .035 60-65 
18c 
.047 
22 .053 80-85 
28c 
.056 
36 .057 100 
a dP I dt values represent an overall rate of formation of polymer over the 
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entire reaction length and can not be related to dP/dt. ·t· 1 or dP/dt . mr ra max. 
' 
bBased upon entire reactor length. 
cOne point determinations. 
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Figure 17. Rate of Polymer Formation as a Function of Power. 
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description of polymer formed is dependent upon the power level and to a lesser 
extent upon reactor position. 
The data presented in Figures 15 and 16 were also subjected to a routine 
kinetic interpretation. Figure 18 shows an Arrhenius type plot of the data in 
the form: 
' 
-E /KW ln (rate polymer formation) = Ae a 
where -E is the apparent activation energy, W is the power input into the 
a 
' system in watts and K is a constant that includes time such that the product 
t 
K W can be compared to the product RT from a standard Arrhenius expression. 
Since power input is the driving force for the polymerization reaction, this 
treatment appears to be justified. The bulk temperature rise for the runs 
0 0 
reported do not exceed 2 C over an ambient temperature of (25 C) and the 
product RT bas a value of about 600 calories per mole. If the rate data are 
' then considered at specific time intervals, the product K W = KM can be 
compared to RT. A series of curves are generated, each of which has the 
same slope. By converting VVt to calories per mole the product Wt has the 
same units as RT and K is a dimensionless constant. Evaluation of K leads to 
a number in the range of 1-2 x 10-5• This number bas no quantitative value; 
however, qualitatively it can be stated that K is a very small number and that 
t 
K is a small number and therefore the activation energy for the polymerization 
is also small. Based upon the mechanism proposed in Part II of the discussion, 
it appears that the formation of an active species is the rate determining step 
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Figure 18 also shows that the point for 36 watts falls off of the line. This 
reflects the previous statement that all of the monomer is consumed at this 
power level before it traverses the entire length of the reactor (these data are 
based upon total length). When only the RF field is considered, this point falls 
on the plotted line with no change in slope. 
C. Reactor Design Equation 
A design equation for the horizontal reactor was formulated which predicts 
the initial reaction rate and the position in the reactor where the maximum 
rate of polymer formation occurs, within the field of the RF coil, under a 
specific set of experimental conditions. The equation is: 
2 
P = A sech ( By X) tanh (By X) 
X 
where: 
X = distance from end of plasma field (em) 
Ac 2 1/2 A = FC M 2WKC (g/cm) 
X 0 0 F 
KWC0 Ac 2 1/2 By= (dimensionless) 
2 F 
F = 
3 feed rate of monomer (em /hr) 
e = time (hrs) 
M = monomer molecular weight 
C = initial concentration of monomer (gmoles/cm 3) 
0 
W = power input (watts/em 3) 
A = cross -sectional area of reactor 
c 
K = k k = 
e 
product of initiation and propagation rate constants 
&z- 2 (em /watt-gmole-hr ) 
51 
The derivation of this equation is based upon a plub flow steady state 
reactor and is presented in Appendix E along with values for the constants 
derived for the experimental parameters used in this work. Referring back 
to Figure 15, a comparison was made of the 36, 22 and 13 watt runs 
experimental data to the results predicted by the design equation. The equation 
in its present form predicts that the rate of polymerization increases, goes 
through a maximum, decreases and tails. Predictions are good for the 36, 
22 and 13 watt runs within the RF coil. The equation predicted that the 
maximum for the 8 watt run would fall outside of the RF coil. The minimum 
power level which would sustain a stable plasma, at the bleed rate of these 
experiments, was found to be 10-12 watts and it was shown that the plasma 
was not uniform along the RF coil length at the 8 watt power level. Because of 
this, W in the design equation is not a constant and calculations using the 
design equation are not meaningful. 
The design equation in its present form is capable of predicting the 
distribution of polymer formation under a variety of experimental conditions, 
within the plasma field, from one experimental run; assuming that the mechanism 
presented is valid for the monomer undergoing polymerization. (The design. 
equation does agree with the experimental data obtained from the other 
monomers reported here.) Additional experimentation is required before the 
product kk can be separated. Also, the basic rate equation can be alter~ to 
e 
include a function capable of predicting the tailing observed from the experi-
mental data. This will too require additional experimentation. 
IV. RESULTS AND DISCUSSION-PART 2 
A. Infrared Spectroscopy 
Infrared spectroscopy was used to evaluate the structure of the polymer 
obtained from the plasma polymerization of various monomers. Only the 
spectra of the soluble and insoluble poly-(styrene) will be discussed in this 
section. Infrared spectra of the products from all of the monomers used are 
given in Appendix B. 
The spectrum of the soluble poly-(styrene) produced in a 13 watt plasma 
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is shown in Figure 19. The spectrum was obtained from a film deposited from 
a methylene chloride solution on a potassium bromide plate. The spectrum is 
characteristic of a low molecular weight poly-(styrene) and shows no anomalies. 
The spectrum of the insoluble fraction of the above polymer was obtained 
using a potassium bromide pellet and is shown in Figure 2 0. The low resolution 
, spectrum obtained for this sample is characteristic of a material that is not 
sufficiently aggregated in the pellet. Polymers are arduous to grind to a fine 
enough powder so that high resolution spectra can be obtained. Films are 
generally the only type of polymer samples that yield sharp spectra. The nujol 
mull technique was also attempted; however, the results were not satisfactory. 
The spectrum is similar to a crosslinked poly-(styrene) and indicates no 
anomalies or impurities. 
B. Gel Permeation Chromatography. 
Gel permeation chromatography (GPC) was used to obtain two results for 
WAVELENGTH IN MICRONS 
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Figure 19. Infrared Spectrum of Soluble Poly-(styrene). 
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the soluble polymer. By employing careful recovery and dilution techniques 
the area under the curve of the GPC chromatogram gives an approximate 
quantity for the soluble polymer recovered from each kinetic run. Molecular 
weights and molecular weight distributions are obtained from the chromatograms 
when the proper calibration techniques are employed. 
Semi-quantitative results were obtained by comparing the area under the 
standard curves (two milliliters of 1/4% solution) with the area of the soluble 
polymer curve. These results indicate that the soluble polymer comprised less 
than 1% of the total polymer formed in all cases. For a given power level the 
amount of soluble polymer increased with the reaction time; however no 
mathematical correlation was found. Figure 21 illustrates the effect of power 
on the amount of soluble polymer for the six and twelve hour runs. It should 
be noted the ordinate units are square inches which is a relative measure of 
the quantity of soluble polymer formed. The quantity of soluble polymer 
increases as the power level increases. The 36 watt data points for both the 
six and twelve hour runs do not fall on the linear portion of the curve . This is 
consistent with the Arrhenius plot described in the section on the kinetic results 
and can be explained because the 36 watt power level lies outside of the iso-
kinetic region described by the limits of these specific experimental parameters. 
Figure 22 represents a typical GPC chromatogram obtained for the soluble 
poly-(styrene). The chromatogram indicates that a very low molecular weight 
polymer is formed. Careful examination shows that the following elution marks 
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32. 5 -trimer, 31. 4-tetramer, and above this the molecular weights correspond 
to a high polymer. The chromatograms indicate that the soluble polymer 
cop.sists of very low molecular weight material, and that the predominant 
species present are dimers, while trimers and tetram.ers comprise about 10% 
by weight of the total soluble polymer. For any exposure time, .!:_. ~. , six hours, 
an increase in power increased the total amount of material present but did not 
noticeably affect the molecular weight distributions . However, for a fixed 
power level longer reaction times result in a more rapid increase in the 
higher molecular weight than in the lower molecular weight compounds. This 
would indicate that the monomer and dimer species (the only ones with any 
appreciable vapor pressure) diffuse :from the matrix and react with additional 
monomer or polymer. This diffusion is given a greater chance to occur if the 
reaction time is increased. 
As a result of these findings it may be postulated that the insolubility and 
the impermeability of the films could be improved by exposure to the plasma 
for a period of time after the polymerization reaction is stopped. 
C. Differential Thermal Analysis and Thermal Gravimetric Analysis 
Differential thermal analysis (DTA) and thermal gravimetric analysis 
(TGA) were employed to study the thermal properties of the soluble and 
insoluble poly-(styrene) formed by plasma polymerization. These techniques 
allow the study and comparison of thermally initiated physical and chemical 
changes that occur as a sample is heated. From the decomposition data some 
correlation to structure can be made and also correlation to a mechanism is 
59 
possible. All of the samples were analyzed in both air and argon atmospheres 
in order that both oxidative and nonoxidative modes of thermal change could be 
studied. The results of the thermal analyses of the plasma polymerized product 
were compared to two narrow molecular weight distribution linear poly-(styrene) 
standards whose molecular weights were 20,000 and 1,000,000. 
DTA-TGA traces were made on each soluble and insoluble polymer 
provided enough material was available for testing. All of the results for the 
same type of polymer were essentially the same and for this reason a typical 
result from the 22 watt study in argon will be used for discussion. Figures 
23 and 24 show the general TGA traces for a soluble and insoluble polymer in 
comparison to a linear standard. The TGA results clearly show differences 
in the decomposition process of the soluble and insoluble polymers as a 
function of temperature and time. Figure 23 shows that the soluble polymer 
decomposes much more completely and much faster than the :insoluble material. 
When the soluble material is decomposed to a maximum temperature of 700°C 
in argon, no residue remains. When the insoluble polymer is treated in the 
same manner a carbon network residue remains. The TGA curves for the 
insoluble polymer, (Figure 24) show that weight is lost at very low temperatures, 
< 75°C which is unexpected. The standard linear poly-(styrene), either the 
20,000 or the 1, 000,000 molecular weight, is completely stable until a few 
degrees before total decomposition occurs. These data indicate that the 
insoluble film contains some volatile components, perhaps monomer and dimer 
molecules, which were not removed during the benzene extraction. The 
insoluble films are more stable than the standard linear sample or the soluble 
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polymers at high temperatures and never was more than 6 O% of the initial 
weight lost from the insoluble sample over the temperature range 25° -700°C. 
Weight loss data for the thermal decomposition of the :insoluble polymer 
were obtained from the TGA traces of 22 watt runs as a function of both 
temperature and time. Figure 25 shows an Arrhenius plot for this data and 
indicates that weight loss from the polymer is occurring by different 
0 
mechanisms below and above approximately 275 C. These processes exhibit 
different apparent activation energies; "' 0. 3 kilocalories per gram mole below 
0 0 
275 C and ...., 4. 0-5. 0 kilocalories per gram mole above 275 C. The lower 
activation energy is interpreted as indication that small amounts of monomer 
or oligimers are evaporating from the surface of the polymer sample. Above 
275°C the polymer lUldergoes its first stages of decomposition. The 4.0-5.0 
kilocalories per gram mole activation energy represents the net result of 
polymer decomposition products diffusing from within the bulk polymer particles 
and surface desorption. This activation energy is well within the normal range 
for low molecular weight species diffusing through a bulk polymer 24 . 
The TGA results offer an indication of crosslinking. A carbon matrix 
remains from the insoluble polymer sample after the 700° C final temperature 
is achieved. This residue comprises about 40% by weight of the total initial 
sample weight and is not found in the soluble sample analysis . This type of 
result would be expected from a crosslinked system and would account for the 
diffusion controlling loss in polymer weight. It is also consistent with the 
calculated activation energy of 5. 0 kilocalories per gram mole. Figure 25 
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12 to 3 hours) and that the rate of weight loss correspondingly increases. 
This trend reflects changes in the polymer matrix due to decomposition as a 
function of film thickness . It should be noted that both the soluble and the 
linear polymers undergo a rapid decomposition and that the weight loss occurs 
entirely within a very narrow temperature range (Figures 23 and 24). 
Therefore, a treatment of the data under the conditions of these tests was not 
possible. Figure 25 also shows that the insoluble material that has been 
exposed to the plasma for the least amount of time loses weight faster in the 
low temperature (:S 300 ° C) region. This indicates that volatile components are 
present in the matrix of the film since no decomposition is expected at these 
low temperatures. The GPC results indicate that very low molecular weight 
poly-(styrene) molecules (dimers and monomers) are present in the film and 
are at least partially extracted with benzene. There was no evidence that 
higher molecular weight linear chains were present in any of the polymers 
formed in the plasma. However, the TGA results indicate that some of these 
molecules. remain in the film and are released by thermally controlled diffusion 
0 below 275 C. 
The DTA results were the same for all of the insoluble samples. In air, 
two oxidation exotherms are observed, one at 320 ± 25 ° C and the other at 425 
0 
± 25 C . The standard linear samples exhibit one sharp exotherm at the decom-
position temperature of 350 ± 10° C. All of the argon analyses of the insoluble 
material indicated a broad exotherm occurring from the first point of decompo-
sition until decomposition was complete. Below 275°C little change in the base 
line for the DTA was noted, indicating no meastirable endothermic or exothermic 
65 
0 
changes . Above 275 C a decomposition exotherm was evident in all cases . 
The magnitude of this exotherm for the standard linear and soluble polymers 
was considerably greater than was observed for the insoluble polymers . 
D. Mass SpectroscoPY 
Mass spectra were obtained for two samples: a linear standard poly-
(styrene) sample of 20, 000 molecular weight and the insoluble sample from 
the 22 watt, 12 hour kinetic rtm. Figures 26 and 27 present the data from 
these respective samples . Tables V and VI list the peaks in decreasing order 
of their relative intensities and the most probable species that yield each peak. 
The most intense peak in both spectra corresponds to a mass to charge 
ratio of 91. This is to be expected as c7H7 +will always form if at all possible 
since this carbonium ion is very stable 25 . The major difference in the two 
spectra is that nearly all of the peaks from the linear poly-(styrene) standard 
are some derivatives of either c2Hx or c4Hx. When the structure is examined 
this is not surprising. 
HH HHHH H1· f I 1 I f I I 
c-c l.c-c-c-c l c 
I I \ I I I I J I 
cpH cpH cpH cp 
The normal decomposition products should be C H and c4H derivatives. 2 X X 
The insoluble 22 watt, 12 hour polymer spectra indicate that odd carbon 
(C H , c5H and c7H ) derivatives are the most prevalent and the spectra 3 X X X 
are practially void of any C H or C H species. This would indicate that 
2 X 4 X 
some structure anomaly is retarding the normal decomposition mechanism 
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MASS SPECTROMETER DATA FOR STANDARD 
liNEAR POLY-(STYRENE) 
M/e Relative Contributing 
Abundance Species 
+ 91 100 C7H7 
104 92 cp C2H3 + 
30 44 C2H6 + 
56 43 C4H8 + 
27 33 C2H3 
+ 
78 36 ct>cH+ 
+ 51 32 C4H3 
103 29 <I>C2H2 + 
55 27 C4H7 
+ 
50 21 C H + 4 2 
77 13 cp+ 
52 12 CH+ 4 4 
57 9 C4H9 
+ 
63 8 C5H3 
+ 
65 7 C5H5 
+ 
92 4 C7H8 + 
69 
TABLE VI 
MASS SPECTROMETER DATA FOR INSOLUBLE POLY-(STYRENE) 




+ 91 100 C7H7 
39 64 CH+ 3 3 
30 48 C2H6 
+ 
77 44 qt 
41 43 cH+ 3 5 
78 34 cpH+ 
65 30 C5H5 
+ 
114 27 cpC2H3 + 
63 25 C5H3 
+ 
27 20 C2H3 
+ 
67 16 C5H7+ 
40 9 C H + 3 4 
105 7 cpc2H4 + 
54 7 cH+ 4 6 
103 7 cpc H + 2 2 
89 4 CH+ 
7 5 
115 3 <I>C2H4 + 
53 2 C4H5 
+ 
70 
extensive crosslinking has occurred on the a. -carbon in the polymer backbone 
as shown below. 
H I H H H ~ ~-c ( ~-~-~ I I\ I I I 
H <t> H <t> H 
H H H H H I H Ht t, ~ 1 I I I If I I c c-c-c-c-c c-c-c 
1 I 1 f I I I I 'l 
<t> H <t> H <t> H ~ H <t> 
The decomposition occurs as a result of breaking carbon-carbon bonds. 
The carbons that are crosslinked have much less probability of fragmenting. 
By this mechanism C H , C H and C H would be expected to be predominate 
, 3x 5x 7x 
linear species if the system is highly crosslinked. 
E . X -ray Analysis 
Plasma polymerized polymers consist largely of insoluble material which 
is unaffected by common organic solvents. There are several reasons why 
polymers may be insoluble. The most common reason is that the chains are 
crosslinked into a three dimensional network so as to form a psuedo-infinite 
molecular weight material. However, other factors may contribute to 
insolubility. If the material is of extremely high molecular weight (10 7 -109) 
or is highly branched, its solubility may be greatly reduced. Perhaps the 
greatest cause of insolubility other than crosslinking is that of crystallinity. 
If a polymer has short range order of any consequence, it becomes less soluble 
and a highly ordered polymer may be totally insoluble in an otherwise good 
solvent. 
The purpose of the X -ray analysis was to determine if the insoluble 
polymers formed from plasma polymerization were crosslinked, and/or highly 
ordered. Polymer crystallinity is normally indicated at low angles of 2 9 
71 
0 ( <15 ) . 
Figure 28 shows a microdensitometer trace of the Debye-8cherrer films 
obtained from the nine hour insoluble polymer at the 22 watt power level. 
Within the limits of the technique used these patterns indicate no traces of 
structure or short range order. The amorphous halo observed in Figure 28 
is indicative of an amorphous material. However, these results are only 
indicative and can only be confirmed through utilizing a low angle technique. 
F. Scanning Electron Microscopy 
Scanning electron microscopy (SEM) provided a useful technique for 
analyses of the polymer films formed in the plasma. Initially the SEM 
teclmique was to be used to determine the homogeneity of the films. However, 
close examination of the product showed that solid spheres of polymer were 
embedded in the matrix of the polymer film. This phenomenon will· be 
discussed in detail. 
Figures 29-32 are micrographs of the polymer produced by plasma 
polymerization at the eight watt power level. Figures 29-31 are micrographs 
of spheres found in the film from the bottom of sleeve three under the hot end 
of the RF coil. Figure 31 is a micrograph of a single sphere. From this 
micrograph it is clear that the sphere is an individual particle which did not 
grow out of the film surface. Figure 32 is a micrograph of the film from the 
top of the same section as above. This film is completely void of spheres. 
These are representative of the entire reactor except that as the sample is 
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Figure 28. Microdensitometer Trace from Debye-8cherrer Film of Insoluble Poly-(styrene) from 
22 Watt, 9 Hour Plasma Polymerization. 
"" I:¢ 
Figure 29. Plasma Poly-(styrene), 8 Watts, 9 Hours, Sleeve 3, Bottom 
of Reactor. 
Figure 30. Plasma Poly-(styrene), 8 Watts, 9 Hours, Sleeve 3, Bottom 
of Reactor. 
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Figure 31. Plasma Poly-(styrene), 8 Watts, 9 Hours, Sleeve 3, Bottom 
of Reactor. 
Figure 32. Plasma Poly-(styrene), 8 Watts, 9 Hours, Sleeve 3, Top 
of Reactor. 
74 
The surface sphere density for the eight watt power level in the third sleeve 
is approximately 2.1 x 10 4 spheres per square inch as calculated from the 
75 
micrographs. The spheres range in size from 0. 2 to 1. 7 microns in diameter 
with an average diameter of 1. 0 microns. 
Figures 33-36 are micrographs of the polymer produced at the 13 watt 
level. These samples were taken from sleeve three also. Figures 33, 34 
and 35 are micrographs of a film from the bottom of sleeve three. Figure 36 
is a micrograph of the film from the top of the sleeve, once again showing a 
total void of spheres on the top film. The sphere density for the 13 watt 
5 plasma-polymerized material is 2. 7 x 10 spheres per square inch on the 
bottom of the reactor. The sphere size ranges from 0. 5 to 1. 0 microns with 
an average size of 0. 7 microns . The distribution is much more uniform in 
this sample. 
Figure 37-39 are micrographs of the polymer formed at 22 watt power 
level. Figure 39 is a microgTaph of the film from the top of sleeve three t 
while Figure 37 and 38 are from the bottom of the same sleeve. The sphere 
density is 3. 9 x 10 5 spheres per square inch for the bottom of the reactor and 
their average size is 0. 6 microns. The size distribution is small for this 
power level with the diameters ranging from a minimum of 0. 5 microns to a 
maximum of 0 . 7 microns . 
Figures 40-44 are the micrographs of the polymer from the 36 watt power 
level. Figure 42 is the micrograph of the film from the top of sleeve three, 
again showing a surface free of spheres. The sphere density for this power 
Figure 33. Plasma Poly-(styrene), 13 Watts, 9 Hours, Sleeve 3, Bottom 
of Reactor. 
Figure 34. Plasma Poly- (styrene), 13 Watts, 9 Hours, Sleeve 3, Bottom 
of Reactor. 
76 
Figure 35. Plasma Poly-(styrene), 13 Watts, 9 Hours, Sleeve 3, Bottom 
of Reactor. 
Figure 36. Plasma Poly-(styrene), 13 Watts, 9 Hours, Sleeve 3, Top 
of Reactor. 
77 
Figure 37. Plasma Poly-(styrene), 22 Watts, 9 Hours, Sleeve 3, Bottom 
of Reactor. 
Figure 38. Plasma Poly-(styrene), 22 Watts, 9 Hours, Sleeve 3, Bottom 
of Reactor. 
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Figure 39. Plasma Poly-(styrene), 22 Watts, 9 Hours, Sleeve 3, Top 
of Reactor. 
79 
Figure 40. Plasma Poly-(styrene), 36 Watts, 9 Hours, Sleeve 3, Bottom 
of Reactor. 
Figure 41. Plasma Poly-(styrene), 36 Watts, 9 Hours, Sleeve 3, Bottom 
of Reactor. 
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Figure 42. Plasma Poly-(styrene), 36 Watts, 9 Hours, Sleeve 3, Top 
of Reactor. 
81 
Figure 43. Plasma Poly-(styrene), 36 Watts, 9 Hours, Sleeve 8, Bottom 
of Reactor. 




5 level is 6 x 10 spheres per square inch. The average size for the individual 
spheres is 0. 5 microns and the distribution is very narrow with the sizes 
varying less than ± 0. 04 microns. Also at the 36 watt level the spheres 
comprise all of the polymer on the bottom of the reactor with no film matrix 
(Figures 40 and 41). While the reaction is in process at the 36 watt level the 
polymer is observed to form and fall to the bottom of the reactor in a manner 
reminiscent of a gently falling snow. The resulting spheres have been named 
"snow" polymer . 
Figure 43 and 44 are micrographs of the bottom film in the sleeve that is 
the farthest from the RF coil. The sphere density is 1.1 x 105 spheres per 
square inch. They are 0. 04 microns in diameter and have a narrow size 
distribution. This indicates that the sphere production is much less as the 
distance from the RF coil is increased. The smaller size probably arises 
because the monomer concentration is much less and the spheres do not have 
much chance to grow before falling out due to the effect of gravity. 
From the micrographs discussed up to this point, three aspects should be 
emphasized. (1) The sphere density (density here refers to the number of 
spheres per unit area rather than a mass volume density) increases as the }90wer 
is increased, Figure 45. These densities are obtained by counting one square 
inch area of the SEM micrographs at a magnification of 3, 50 0X (ten microns 
equal!. 7 inches). Several areas were counted and an average value used. The 
number in one square inch of a 3,500X micrograph is then multiplied by 3.2 x 





































































(2) The spheres must be formed in the vapor phase of the reactor since no 
spheres are found on the top of the reactor and hence they must be formed and 
then drop out of the gas phase onto the film in the lower half of the reactor. 
(3) The size of the spheres decrease as the power is increased or as the 
distance between the RF coil and the sample is increased, Table VII. The 
distribution is also narrower at the high power levels. This is consistent with 
the idea that the spheres are formed in the gas phase and at the high power 
levels there are more sites that spheres can be initiated on, and hence the 
spheres are smaller because there is less monomer vapor around each growing 
sphere. Also the spheres terminate faster because the plasma density is 
greater. 
Figures 46 and 47 are micrographs of a fractured edge of a film from the 
13 watt plasma polymerization. The film was fractured in liquid nitrogen 
and mounted perpendicular to the electron beam. The micrographs show that 
the spheres are embedded throughout the entire film and must form in the bulk 
phase. 
There is one additional fact that should be discussed; namely, the particles 
are all nearly perfect spheres. The question arises, why? When a site is 
initiated and a polymer starts growing, other sites on this growing chain are 
subsequently excited (as indicated from the crosslinked product) and the particle 
grows in all dimensions with equal probability. A spherical geometry would also 
be consistent with the lowest surface energy requirements for particle formation. 
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a Sample from sleeve 3. 
b Sample from sleeve 8. 
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Figure 46. Fractured Edge of Plasma Poly-(styrene), 13 Watts, 9 Hours, 
Sleeve 3, Bottom of Reactor. 
Figure 47. Fractured Edge of Plasma Poly-(styrene), 13 Watts, 9 Hours, 
Sleeve 3, Bottom of Reactor. 
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G. Investigation of the Initiation Step 
In order to postulate a reasonable mechanism for the process and to have 
a sound idea of the fundamental chemistry involved in the plasma polymerization 
process, it is necessary to have some lmowledge of the type of initiation step. 
There are three types of initiation steps possible: (1) free radical, (2) ionic, 
and (3) ion-radical. 
Two experiments were designed, one to detect the absence or presence of 
free radicals and the other to detect the presence of ions. 
The first experiment was designed to detect free radicals. Nitrogen 
dioxide is a very efficient free radical saavenger even in very low concentrations 
of NO . If nitrogen dioxide is introduced into the system along with the monomer, 
2 
the reaction should be retarded or inhibited if the initiation is occurring through 
a free radical mechanism. The nitrogen dioxide will be excited by the plasma 
into ionic and free radical species; however, the life of an ion of nitrogen 
dioxide is short at a pressure of 25 microns since recombination through wall 
collision is a predominant factor. This means that some of the nitrogen dioxide 
exists in its free state in the gas phase and should still serve as a scavenger 
species. With these possible limitations in mind the following results were 
found. 
Two concentrations of nitrogen dioxide were employed in two experiments, 
one a 10% by volume nitrogen dioxide and 90% by volume styrene monomer 
ratio was used and in the other experiment the concentration of scavenger was 
increased to 40%. 
The scavenger gas did not affect the rate of polymerization in any 
measurable way. This would :indicate that the initiation step is not occurring 
through either a free or an ion-radical. 
The second set of experiments was designed to detect the existence of 
ionic species in the plasma. The electrodes were installed in the plasma 
reactor tube as described :in Section ITI F. When no voltage was applied to 
the plates, the plasma extended the entire length of the reactor. Figures 48, 
49, and 50 are photographs of the plasma as viewed through the electrodes. 
89 
The dark areas are the electrodes and the light (white) region between the 
electrodes is the plasma. When voltages above 450 volts direct current (VDC} 
were applied to the electrodes, a discharge plasma was initiated. This was 
undesirable since this introduced a different mechanism entirely. A voltage 
of 35 0 VDC was found to cause no DC plasma and was used for all of the 
deflection experiments. When the polymerization was initiated and the voltage 
applied to the electrodes, the plasma was stopped inside the electrodes as 
shown in Figures 49 and 50. The greater part of the plasma was deflected 
toward the negative electrode indicating that cations represented the greatest 
fraction of charged species . Experiments conducted at 22 watts for 12 hours 
showed that over 90% by weight of the polymer was deposited on the negative 
electrode and no polymer was formed down stream from the electrodes . Figures 
51 and 52 are SEM micrographs of the polymer on the electrodes. The small 
spheres occurred only on the negative electrode . 
The results of these experiments indicate the reaction is initiated through 
a cationic mechanism. 
Figure 48. Electrodes without Voltage Applied in a 22 Watt Styrene 
Plasma. 
90 
Figure 49. Electrodes with +325 VDC Applied to Top Electrode in a 22 watt 
Styrene Plasma. 
Figure 50. Electrodes with +325 VDC Applied to Bottom Electrode in a 
22 Watt Styrene Plasma. 
91 
Figure 51. Plasma Poly-(styrene) on Negative Electrode from 22 Watt 
12 Hour Reaction. 
Figure 52. Plasma Poly-(styrene) on Negative Electrode from 22 watt, 
12 Hour Reaction. 
92 
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H. Investigation of the Effect of a Plasma on Linear Poly-(styrene) 
The poly-(styrene) formed through the plasma polymerization of styrene 
monomer is crosslinked and has a light yellow to brown color. It is of interest 
to know if either of these properties is the direct result of being exposed to 
the plasma or if these properties are introduced at the time of polymer 
formation. 
In order to determine the effect of the plasma on poly-(styrene), a film of 
standard poly-(styrene) was exposed to the plasma as described in Section III. 
After 12 hours of exposure, the film showed no effect from the plasma. The 
solubility of the polymer was unaltered. The GPC chromatograms indicated 
the molecular weight was unchanged. The DTA thermograms and theIR spectra 
of the treated material were the same as those of the untreated standard. These 
results indicate that the properties given above are introduced as the polymer 
network grows . 
The color of the treated linear poly-(styrene) did not undergo a noticeable 
change. It can be concluded that the color observed in the plasma polymerization 
products resulted at the time of polymer formation and is most likely due to 
conjugation in the chains . 
I. Mechanism 
Plasma polymerization represents a unique method of carrying out a 
polymerization. A mechanism is presented in this section which is consistent 
with the experimental findings. Each step in the mechanism will be discussed 
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in terms of the preceding experimental data and by classical chemical 
concepts. Until now, mechanisms designed to explain plasma polymerization 
ha . 1 d fa d t• . 18, 20, 21 ve mvo ve sur ce a sorp 10n as a prrmary step . These investi-
gators did not report any reaction occurring in the gas phase. Scanning 
electron microscopy micrographs presented in Section IV F2 clearly indicate 
that two mechanisms are occurring simultaneously. There is a film formed 
on the surface of the glass sleeves and initial adsorption-polymerization could 
be explained by some standard adsorption isotherm. However, the embedded 
spheres present in the film formed on the bottom of the reactor indicate that 
part of the reaction is occurring in the bulk gas phase. The mechanism 
presented here will not be discussed in terms of physical adsorption but 
rather in chemical terms. However, adsorption could occur at any point in 
the mechanism without destroying its validity. The mechanism will be 
discussed in four steps: (1) initiation, (2) propagation, (3) crosslinking and 
branching, and (4) termination. 
1. Initiation. The initiation steps will be discussed as though ions or 
ion-radicals could cause initiation although the ion-radical is less likely in 
light of the scavenger gas experiments . Molecules are excited in an RF plasma 
by elastic collision with accelerated electrons or accelerated ions. There are 
two possible chain of events that could result in an active monomer molecule. 
First the molecule may be excited with no electrical charge or electron change, 
and then this excited molecule may break into an active monomer molecule 
capable of propagation. This series of steps may be represented as follows: 
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AE 
* M .. M (1) 
* ~+ M + e ~ 2e (2) 
* J3 M + e ~ (3) 
* MEp + M ,.. e (4) 
* J? M + e ~ (5) 
* ,.. Pr.& + Qe M (6) 
M = Monomer molecule 
A E = Energy from plasma. This is manifested as an accelerated 
particle, usually an electron. 
* M = Excited monomer 
Jv.f3 = Anionic monomer molecule 
~ = Cationic monomer molecule 
~ = Cation-radical 
rJY = Anion-radical 
e = Electron 
ff> e P , Q = Styrene fragments 
Step (6) is of interest because both positive and negative charges are 
produced at the same time as the styrene monomer is fragm.ented. One 























The second series of initiation steps are possible if the active monomer 
molecule capable of propagation is formed upon interaction with an accelerated 
particle. This possible series of steps is outlined below . 
M + e 
AE 
.-M@ + 2e {7) 
AE 
.-:J3 M + e (8) 
M + e 4E ~M@ + 2e (9) 
M + e 4E .,.MqJ (10) 
The formation of ions from collision with acceler~ted electrons in a 
plasma is analogous to the ionization that occurs in a mass spectrometer25 
Free electrons are characteristic of all plasmas although the source of these 
electrons is not fully understood. 
The remaining steps will be presented using the cationic monomer species 
since from the deflection and scavenger gas experiments, they have been shown 
to be the most abundant species . However, the presence of both ion-radicals 
and anionic species have not been completely ruled out. 
97 




3. Crosslinking and branching. It has been shown in the foregoing sections 
that the insoluble polymer is most probably crosslinked. The X-ray diffraction 
patterns suggest that crystallinity is not responsible for the insolubility. Thus 
crosslinking is the most likely reason. The branching and crosslinking occur 
as a result of an active site being formed from interaction with the accelerated 
plasma particles . The following steps are postulated to account for the 
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The fact that some of the species have more than one charge on a single 
molecule is not impossible for a large molecule where the charges are 
separated by several carbon atoms. Furthermore any of these charges could 
be terminated without affecting any of the other charges . Step (16) may appear 
to violate the expected chemical reaction as the a -hydrogen on a styrene is 
normally considered stable. However hydrogen abstraction is not u:ausit.al 
in a plasma and active sites can be formed at any point along the chain. 
Types of termination steps in a plasma may occur that are not possible with 
conventional techniques because there are excess negative charges present in 
the plasma. There are two facts to be recalled before the termination steps 
are presented. First, the soluble material has a very low molecular weight 
which indicates that termination must occur quickly for some of the chains. 
This also means that crosslinking must be a predominant factor since no chain 
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is allowed to grow to any appreciable length before it is crosslinked and 
rendered insoluble. Second, the product has a light brown to yellow color 
which indicates that unsaturation is present to some extent. This unsaturation 
can occur as a result of ion pair rearrangement to form an unsaturated end 
group, see steps (20) and (22). 
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MMM (M) :r/) + 
M n 4M 
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M n 
+ 4M~ (26) 
(M)n ED 
@M(M) MMM(M) M 
n ~ n 
(M)n 
M(M) MMM(M} M 
n M n 
Steps (19), (20) and (21) will yield a soluble linear polymer. Branching 
with no crosslinking can occur if (22) and (23) or some modification of these 
reactions occurs. Crosslinking seems to be the most pronounced effect and is 
terminated in a manner simular to (24) or (25). It is necessary to realize that 
on a molecule with more than one charge the termination may occur on only one 
charge permitting continued growth of the molecule. The plasma can also 
reinitiate a terminated molecule. These two ideas make extremely large 
molecules very likely. 
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V. CONCLUSIONS 
As a result of this investigation, the following conclusions were drawn 
concerning the polymerization of styrene, and other vinyl type monomers in 
an inductively-coupled RF, low temperature plasma: 
1. Vinyl type monomers can be converted to polymers in an inductively-
coupled RF plasma, utilizing either a horizontal or a vertical reactor assembly. 
The mass of polymer formed at any position in the reactor, under a specific set 
of experimental conditions, is dependent upon power level, bleed rate of monomer 
(a function of initial pressure) and time. At constant bleed rate and time, the 
amount of polymer formed increases as the power level increases. The 
efficiency of conversion of monomer to polymer, for a given reactor design,. is 
dependent upon bleed rate and power level. 
2. A routine kinetic treatment of the rate data fits an Arrhenius expression 
of the form 
' 
-Ea/K W ln (rate of polymer formed) == e . 
t 
An estimate of the constant K indicates that the activation energy for the 
formation of the active species is small. 
... ~·· .. 
3. A design equation was formulated which is reasonably consistent with 
the polymer rate data obtained from the horizontal reactor. The equation is of 
the form 
2 P = A sech (B x) tanh (B x) 
X y y 
and can be utilized in calculating the maximum rate and position of polymer 
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formation as well as the initial rate . 
4. The infrared spectrum for plasma polymerized poly-(styrene) was 
normal. The spectra for several other vinyl type polymers (methylvinyl-
dichlorosilane, vinyl acetate, vinyl fluoride, 1, 1 difluoroethylene) gave 
indications of unsaturation which may be indicative of a polyene structure. 
5. Gel permeation chromatographs showed that only about 1-2% of the 
plasma formed poly-(styrene) was soluble and that the soluble portion consisted 
of only oligimers . 
6. Thermal analyses of the plasma formed poly-(styrene) and a linear 
poly-(styrene} showed that the plasma poly-(styrene) has a much greater 
0 
stability than the linear polymer. It gave a residue which was stable at 700 C 
in argon. A kinetic treatment of the weight loss data indicated the rate of loss 
of decomposition products was a diffusion controlled precess. The linear poly-
(styrene) decomposed readily and completely. 
7. Mass spectra were obtained from the plasma poly-(styrene) and a 
linear poly-(styrene). The fragmentation patterns showed that the plasma 
formed polymer was crosslinked to a high degree. 
8. x-ray patterns indicated that the plasma poly-(styrene) did not possess 
any long range order which could contribute to the insolubility of these polymers 
in organic solvents. 
9. Scanning electron micrographs of the plasma poly-{styrenes) showed 
clearly that the polymer fo"rmation is not solely an adsorption controlled process. 
Polymer is also formed in the vapor phase as spheres which are deposited along 
the bottom of the reactor in the matrix of the surface polymerized polymer. 
At high power levels the bulk of the polymer is formed in the vapor phase and 
appears as a "snowt' polymer. 
10. A series of free radical scavenger and ion deflection experiments 
showed that the polymerization proceeds through a cationic mechanism. 
11. The crosslinking of the poly-(styrene) occurs as the result of direct 
polymer formation and is not the result of linear polymers being exposed to 
the plasma. 
12. A mechanism has been proposed which is consistent with the 
experimental findings of this investigation and which account for the physical 
and chemical properties of the plasma poly-(styrene). 
In conclusion it has been established, as the result of this investigation~ 
that vinyl type monomers can be reacted to yield polymers having unique 
physical and chemical properties. These polymers may have useful potential 
engineering applications as discussed in the next section. 
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VI. ADDITIONAL WORK AND APPLICATION 
The work presented here represents a foundation for plasma polymerization. 
Some additional work in the fimdamental study remains to be done as well as 
many investigations into the use of this technique as an engineering tool for 
coating substrate materials . Pertinent ideas for further investigation will be 
listed in this section. 
1. A study to investigate the discoloration observed in the polymers from 
the plasma polymerization technique needs to be done. This should include a 
study into the exact chemical species responsible for the color and methods 
for preventing or retarding its formation. 
2. Another study of interest would be to place a substrate in the plasma 
capable of being cooled to liquid nitrogen temperature and investigate the kinetics 
and properties of polymer formed on this cooled substrate. 
3. A more thorough investigation to determine the absence or presence of 
I 
free radicals and their source is needed. This should include an electron spin 
resonance (ESR) study. 
4. An engineering study that encompasses all aspects of the film 
properties such as adhesion, electrical properties, permeability, mechanical 
and chemical properties of the film should be carried out. 
5. Specific areas such as coating of substrates for medical implant 
purposes and other techniques for medical purposes would offer an interesting 
problem. 
6 . The areas of both block and co-polymerization in a plasma should be 
investigated . 
7. The modification of convential polymers by exposing the material 
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Review of the Literature--General 
1 A plasma was first defined by Langmuir in the early 1930's as a state 
a gas achieves when it is excited to the point of ionization. Plasma is more 
correctly defined as the region in which the active species are actually formed. 
26 Faraday and Crookes are perhaps the first to report observing a plasma 
glow. De la Rue and Muller 1 reported a relationship between pressure, the 
type of glow and the resistance of the gas in the discharge. Crookes stated 
26 
in 1879 that a plasma was a fourth state of matter. C. T. R. Wilson reported 
in the early 1900's that the electrical conductivity of plasmas was due to 
ionization of gas molecules by collisions with themselves. In 1910 Dewar and 
26 Jones reported the first silent discharge from a DC discharge in an evacuated 
Wood's tube. The silent discharge operated at much lower temperatures and 
would prove to be much more useful in chemical synthesis. 
Shortly after plasmas were observed, fundamental studies of their behavior 
were carried out primarily by physicists with little regard to the chemical 
aspects or possible applications of these plasmas. De Wilde2 and A. Thenard3 
in 1874 simultaneously reported that acetylene reacted readily in a silent 
discharge leaving no gaseous residue and forming a hard, brittle solid which 
was insoluble in common solvents. This was the first report of plasma polymeri-
zation; however, no effort was made to study the phenomenon beyond this 
point. 
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As previously mentioned, there are two types of discharges which should 
be discussed. The first and the oldest form is the disruptive discharge, the 
arc and spark. These discharges produce a very high temperature operating 
from a high voltage source at either atmospheric or higher pressures. These 
are not useful in organic chemical synthesis since they operate at several 
thousand degrees Kelvin. 
The other type of plasma is the silent plasma which operates in a vacuum 
and over a large temperature range which may be controlled by the power input 
to the plasma generator. There are five important types of the silent or non-
disruptive discharge. The first is the glow discharge which is established 
in low pressure gases by low frequency RF applied across electrodes sealed 
into the reaction tube. Second is the electrodeless discharge which is formed 
by passing radio frequency current through a coil surrounding the tube. Third, 
the point discharges are established between conductive points operating at a 
high voltage, but arranged so as not to cause an arc. Fourth is the corona 
discharge which is similar to the point discharge except a fine wire is used in 
place of a conductive point. The fifth type is a variation of the corona and is 
widely used to produce ozone and thus they are known as ozonizers. 
Both the glow and electrodeless discharge can operate at rather high power 
levels and remain at ambient temperatures. For this reason they are usually 
chosen for organic synthesis studies. 
Plasma Mechanisms. The initial discharge occurs as a result of the free 
electrons being accelerated in an electric field until they can cause the gas 
molecules to ionize. The electrons that are released as a result of this 
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ionization are further accelerated and cause subsequent ionization. This type 
of chain reaction will soon cause the gas to become conductive; the current or 
flux in the gas rises and a discharge is started. An equilibrium is established 
almost immediately where rate of ion formation is equal to the rate of recom-
bination of the species . For an example of these reactions, let us consider the 
26 possible reactions of molecule AB which can be given by the following equations : 
AB + e •A+ If3 (1) 
AB + e ... Ae + B (2) 
AB + e .-A~+ Be+ e (3) 
AB + e .-AG + 
@ 
B + e (4) 
AB + e 
G) Jlo"AB + 2e (5) 
G) 
A + e .,.A (6) 
Ae + B~ ,... AB (7) 
@ 
AB + e .,.AB (8) 
Equations (1-5) represent the formation of active ionic species where (6-8) 
represent recombination reactions to form neutral species. 
Free radicals are another type of active species formed and are of 
' 
special importance in polymerization reactions. Radicals are formed when a 
molecule dissociates into two neutral species in the discharge as given in 
equations (9-12). 
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AB ___,... A. + B• (9) 
AB+ ____...A~ + B + (10) 
RH ~ R• + H· (11) 
C2H5 ____.. C H • 2 4 + H• (12) 
Equations (11) and (12) are examples of organic radicals and these have been 
observed by spectroscopy techniques11 . The radicals can propagate polymer 
chain growth until they combine to form a neutral species. This can occur in 
the gaseous phase by two mechanisms: 
1 . Disproportionation 




Chemical Synthesis in Plasmas--Inorganic. Most of the early work done in 
the field of plasma chemistry dealt with inorganic reactions since they were 
adaptable to the high temperatures encountered in the disruptive plasmas. The 
first reaction to be extensively investigated was that of hydrogen with chlorine 
reported in 1918 by Nernst26 . He postulated that chlorine and hydrogen 
radicals were formed which resulted in the formation of hydrogen chloride gas. 
. . 27-31 32 33 The chem1stry of mtrogen and oxygen ' has been more extensively 
studied than that of any other single elements. Perhaps the most common plasmas 
seen are those of the inert or rare gases used in nearly all "neonn signs. These 
brilliant colors are also observed in the aurora borealis . The inert gas plasmas 
are very easy to start and are often used as precursors to initiate plasma of 
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other gases . The inert gas plasmas produce intense radiation in the infrared 
(neon) or ultraviolet spectra (argon) which excite other gas molecules to create 
35 plasma states of other types of gases . 
The chemistry of inorganic reactions are not applicable to organic reactions 
since they occur at a much higher temperature. The only similarity is that the 
active ionic and radical species are the same for each system. Since there is 
little that can be drawn from inorganic synthesis, they will only be mentioned 
here. 
Chemical Synthesis In Plasmas--organic. The early work in cold plasmas 
dealt with the transformation of one small organic molecule to a different 
molecule. For example, Coats36 identified 25 different hydrocarbon compounds 
after passing n-hexane through a microwave discharge plasma. 
Two free radical reactions, disproportionation and combination, have 
already been discussed. Some additional free radical reactions will be given 
now. Hydrogen abstraction occurs via the free radical route and an example 
given by equation (15) was reported by Cher26 . 
CH + CH • 1 3 3 
cp 
~ CH4 + CH • I 2 
4> 
(15) 
Here a methyl radical removes a hydrogen from toluene to form another free 
37 
radical. Tomkinson reported halogen abstraction could occur in like manner. 
A reaction which can lead to polymerization was reported by Brinton 26 
and is given in equations (16-18). 







Briton's reactions terminated before polymer was formed; however, there seems 
to be no reason why equation (18) could not occur. 
Investigations reported to date involving polymer plasma chemistry fall into 
two classifications; treatment of polymer films in a plasma which has been 
formed by conventional techniques, and actual polymerization of monomers 
using the plasma as an initiator. 
Hanson, et. al. 32 , reported that when several polymers were treated in a 
mild plasma of oxygen, the bulk properties of the polymers were unaltered as 
the penetration was restricted to the first few hundred angstroms of the films. 
In many cases surface ablation was reported, and in a few cases, especially 
the alkane polymers, a highly oxidized surface was created which had vastly 
11 improved wettability characteristics. In another paper Hanson and Schonhorn 
reported that treatment of polymer films in an oxygen plasma increased their 
adhesion properties. Weininger 31 studied the affect of active nitrogen on 
poly-(ethylene)and poly-(Propylene) and found increased crosslinking and increased 
13 
unsaturation resulted from the treatment. Hollahan, Stafford, Balk and Payne 
reported that amino acid groups could be attached to polymer surfaces by treating 
the films with nitrogen, hydrogen plasmas. 
There are several general references which can be consulted which explain 
. 1 38 39 40 plasmas m a more general manner ' ' ' 
113 
APPENDIX :a 
Infrared Spectra and Discussion of Monomers Used 
This appendix will include a brief discussion of the polymer formed from 
each monomer listed in Table m Section m C. The infrared spectrum for each 
polymer is included in this section. 
Styrene . The styrene yielded a snow and film which was almost white at 
a wide variety of bleed rates; however it did not form as rapidly as the polymer 
formed from vinyl chloride. Both the film and the snow were partially soluble 
in benzene. The infrared spectrum of the soluble portion was a clean poly-
(styrene) spectrum (Figure 19). The spectrum of the insoluble portion 
(Figure 20) was clearly poly-(styrene) ;however, it indicated that unsaturation 
was present. 
Methylvinyldichlorosilane. This monomer would not yield "snow" polymer 
even at high bleed rates. The product formed as a intensely yellow film which 
was insoluble in methylethylketone, methylenedichloride, and cyclohexane. The 
film was very tough and difficult to strip from the glass. The infrared spectrum 
indicated an unsaturated silane polymer. The infrared spectrum (Figure 53) 
is characteristic of a chlorinated polysiloxane. 
Vinyl acetate. The polymer formed from vinyl acetate was ·either snow or 
a film depending on bleed rate. Methylethylketone stripped the film from the 
glass~ swelled it and partially dissolved it. The undissolved film is clear and 
only very slightly colored as compared to the usually dark brown residue. The 
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spectrum of the polymer (Figure 54) indicated the material was poly-(vinyl 
acetate) and contained very little unsaturation. The conversion of this monomer 
to polymer was lower than either the vinyl chloride or styrene. 
Acrylonitrile. Acrylonitrile formed a polymer very rapidly which was a 
yellow film. At high bleed rates snow polymer formed. With this monomer the 
plasma is sustained at high bleed rates so the rate of monomer introduction can 
be higher. The snow is partially soluble in DMF although most of the material 
is insoluble. The film had very poor adhesion to the sleeves. Although the 
insoluble portion gave a very diffuse infrared spectrum (Figure 55) it was very 
similar to a pure poly-(acrylonitrile) spectrum. 
Vinyl fluoride. This normally gaseous monomer yielded a brown film 
which had poor adhesion to the glass . The film was flexible, tough and could 
be removed in whole, large pieces. Only a small amount of insoluble snow 
could ever be formed. The film was insoluble in hot 1, 1, 1 trichloroethylene, 
hot tetrahydrofutan, hot chlorobenzene, and hot toluene. The infrared spectrum 
(Figure 56) obtained from the film indicated the material was poly-(vinyl fluoride) 
which contained some unsaturation. 
1 , 1 difluoroethylene. This monomer formed a brown totally insoluble 
film which did not adhear well to the glass reactor. Figure 57 is a diffuse 
infrared spectrum of the film and indicates that some unsaturation is present 
' 
in the polymer. 
Vinyl chloride. The plasma polymerization of vinyl chloride yielded a 
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this monomer. The infrared spectrum (Figure 58) is typical of a slightly 
unsaturated poly-(vinyl chloride) . 
120 
Ethylene. When ethylene was employed as the monomer both film and snow 
polymer could be produced easily. Both forms were totally insoluble in common 
organic solvents. The products were almnst white or clear and the infrared 
spectrum (Figure 59) indicated there was no unsaturation present. 
1, 3 butadiene. The results using this monomer were the same as obtained 
with the ethylene and the infrared spectrum is given in Figure 60. 
Methyl methacrylate. This monomer did not yield a satisfactory product. 
The film formed was highly decomposed and totally insoluble. No infrared was 
obtained for the product. 
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Gel Permeation Chromatography 
This separation method involves column chromatography in which the 
stationary phase is a heteroporous, solvent swollen, polymer network, 
varying in permeability over many orders of magnitude. 
A deaerated solvent stream is divided; a polymer sample is added to one-
half the solvent stream. This stream flows into a sample column packed with 
styagel, a rigid crosslinked poly-(styrene) gel. The sample solution contains 
both high and low molecular weight materials . As the polymer moves down 
the column the smaller molecules diffuse more rapidly into the gel pores . 
Larger molecules are excluded to more pores and thus follow a shorter path. 
Therefore, the larger molecules are eluted first and the smaller ones follow. 
The time required for a molecule to elute through a column is related to the 
size or molecular weight of the molecule. 
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The polymer is detected by a differential refractometer, an instrument 
capable of detecting changes in the refractive index of a solution of one part of 





SAMPLE- 2020 STD. 





Figure 61. GPC Chromatogram for 2020 Standard. 
APPENDIXD 
TABULATION OF KINETIC DATA PLASMA 
POLYMERIZATION OF STYRENE 
126 
TABLE VIII 
TABULATION OF KINETIC DATA PLASMA POLYMERIZATION OF STYRENE 
a Reactor Position b I: Weight Run No. %Monomer 
1 2 3 4 5 6 7 8 9 10 (grams) Converted 
BH-6-61915 .0348 .0231 .0162 .0177 .0077 .0003 .0018 .004 .0055 .0007 .109 30 
BH-9-66920 .0412 .0618 .0342 .0306 .0240 .0043 .0007 .0005 .0007 .0011 .199 37 
8H-12-65918 .0520 .0362 .0484 .0406 .0262 .0082 .0208 .0090 .0090 .0042 .228 32 
13H-3-36905 .0496 .0052 .0067 .0116 .0060 .0074 .0038 .0060 .0060 .0033 .106 59 
13H-6-50910 .0453 .0528 ,0548 .0458 .0306 .0151 .0129 .0062 .0002 .0022 .256 71 
13H-9-47909 .0217 .0381 .0476 .0824 .0422 .0300 .0286 .0121 .0182 .0038 .325 60 
13H-12-51912 .0341 .0471 .0553 .0900 .0601 .0420 .0334 .0174 .0187 .0038 .421 59 
22H-3-22826 .0192 .0276 .0314 .0080 .0140 .0050 .0057 --- .0277 .0017 .140 78 
22H-6-23827 .0229 .0480 .0907 .0885 .0306 .0216 .0216 .0127 .0189 --- .358 88 
22H-9-29901 .0378 .0672 .0829 .1079 .0683 .0552 .0156 .0065 .0358 .0017 .448 83 
22H -12-34903 .0418 .0613 .1060 .1124 .0819 .0510 .0421 .0146 .0254 .0025 .594 83 
36H-3-68922 .0343 .0397 .0306 .0378 .0207 .0097 .0041 .0005 .0031 --- .181 100 
36H-6-79930 .0570 .0713 .0592 .0551 .0474 .0310 .0141 ,0019 .0007 --- .367 100 
36H-9-81105 .1136 .1413 .0932 .0871 .0413 .0374 .0308 .0014 .0007 --- .546 100 
36H-12-80101 .1450 .1640 .1407 .1160 .0773 .0723 .0047 .0038 .0001 .0002 .718 100 
a Code for Run No., ~·K· 36H-12-80101 bAll positions = 411 except No. 8 which is 2". 
36 =Watts 
H = Bleed Rate 
12 = Time (hrs . ) 
80 = Page Numbers Research Book 




Formulation of Design Equation 
Assume steady state plug flow reactor 
X = end of plasma coil, downstream 
ooooo 
p 
3 F = flow rate monomer (em /hr . ) 
F • 
co ~ L ,... v = constant 
1ooo~o I c 3 = Cone monomer (g. moles/em ) 
0 X ___._X 
Cone active species (g. mole/cm3) p H = 
1 dH 
= 
-- = RH = keWC A Cross-sectional area of reactor (em 2) v dt c 
. 3 
1 dnc w = Power mput (watts/em ) 
R = -kCH =--
c v dt 
Consider a section of the reactor at steady state: 
F (dH/dx) 
also 











0 = FH. - FH I + k WCA LlX 
m out e c 
w = W, X<X p 
w = 0, x>x p 









k = rate constant for 
e 
activation 
k = rate constant for 
polymerization 
dC kA (2) dx = -BCH, B = c 
from (1a) and (2) 
1 d2H 1 dH 
- = -BH-, A dx2 A dx 
d2H 2 BH2 B d(H ) dH 
-2- - - 2 dx 
from(~) 
:I x=O= 
c = A'c 
1 0 
dH 
A 1C -BH2 
0-
2 
- -dx 'dx 2 
f 





= A 1C -BH2 0-
2 
let dx = [_g_ (dH)/ 2A1 Co B B 
2 let a 2A'c = __o 
B 
! ; t=h-1 (:~ = x + c2 
F 
+ c 1 
:=tAnh [ ~·B x+c2J, H =a tanh [ ~B x + A:BC2] 
' AB 
H = tanh - 2- X + C 3 , @ X = 0 , H = 0 = a tanh Q.S, C 3 = 0 
I. H = tanh [A: x] 
n. c = c0 sech2 [~B x], c = l(:~= l a (~B) sech2 [:B x] 
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these equations describe the concentration of active sites and monomer for x<x 
. - p 
2 [ l c a B 2 AB = - sech -x 2A 2 
2 
X = 0, sech x j = 1 & 
0 
2 [ ~1~ c = aB = 2AC0 c 2A B 0 
. 
Rate of polymer formation (g. moles polymer) = p 
hr-cm 
Consider a control volume (x~xp) as the space just surrounding the inside of 
the reactor from x 1 to x2 • 
. 
0 = -F(~ C)~e + P~X 
X 
130 
P ~ -F (:) me Mm 
P ~ -F(:)e Mmm 
m = moles polymer/mole monomer if Pis 
expressed in terms of grams of polymer 
formation, then 
M = monomer mol. wt. 
m 





de aB 2 
- = C - 2 sech y tanh y dx 0 2 
The design equation for the generation of 
polymer (grams) as a function of reactor 
position (em) for a specified time is: 
2 
III. P = A sech (B X) tanh (B X) 
X y y 
where 
' 1/2 
Fm M C ( 2A Co) = -FmM C (2A'c B )1/ 2 










y:::: B X 
y 
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With the design equation in its present form k and k can not be evaluated 
e 
separately; however, the product kk can be estimated by two separate methods. 
e 
kk from initial slopes 
e 






dx = G { 2 sech y ta.n.k y r -sech y tanh y ] + sech 
2 y sech 2 y} ~ 
dP 
dx 





I 4 2 2 = G sech y-2sech y tanh y 
I \ 
} a:= lim 
y-.o 




= F c = dx 2 0 2 




e ( AcJ 2 2 F- C W F o 
kk from max Pat dP/dx = 0 
e 
.0 = G [ sech4 y -2sech2 y tanh2 y) 
[2A~C0 ] B2 2 I' = FC AB 
0 
4 2 2 2 2 
G 7 0, sech y = 2 sech y tanh y; subst sech y = 2 tanh y 
sech y = V2tanh y 
2 
y -y 
e + e 
y -y 







1 ey-e -y 
= _ __::c____ 
v2 2 =sinh y = 0.707 
y = 0.66 
( 2A'c' 112 Bx o) max 
B 2 == 0.66 
or (2k WA C F)l/2 kA x 
e c o c = 0.66 
FkA F 
c 
(2kk we ) 112 A 
e o c F xmax = 0.66 
kk =( 0.66 )2 l 
e x A 2WC 
max_£. o 
F 









= 25 Hg (for cals of C ) 
0 
-9 3 
= 1. 34 x 10 gmoles/cm 
-4 
= 5.47 x 10 gmoles/br. 
5 ·3 
= 4.08 x 10 em /br. 
= 34.8 em 
2 






= 12 brs. 
15 6 2 
= K = 4.5 x 10 em /watt-gmole-hr. 
-2 3 
= 2. 95 x 10 watts/ em for 36 watt runs 
-2 3 
= 1.81 x 10 watt/em for 22 watt runs 
-2 2 
= 1.065 x 10 watts/em for 13 watt runs. 
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